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By John W. R. &ea@ 

Performance characteristics of an axial-flow transonic-canpressor 
ro tor  w e r e  investigated over a range of I n l e t  re lat ive hch mmbers up & 

u t o  1.34. Design t i p  speed of the ccmrpreasor waa 1300 feet  per second; 
- M e t  hub-tip r aaus   r a t io ,  0.50; and desi= specific weight flow, 31.1 

pounds per second per  square f oo-f; of rotor frontal area. The blades 
had double-circulas-am profiles. Over-dl blade-element and radial 
variat ims of pertinent flow parsmeters Elre presented. f o r  a range of 
weight f l o w  at equivalent t l p  speeds of 975, UOO, 1200, and 1300 fee t  
per second. 

The compressor choked at a corrected weight flow slightly l ess  than 
the design  value. The relative  total-pressure-loss  coefficients ob- 
tained f o r  design-speed  operation w e r e  considerably greater than those 
asslrmed in  the design; the resulkat increase in discharge axial veloc- 
i t y   l eve l  caused significant reductian i n  work input and adiabatic effi- 
ciency.  Considerations of' hub choking indicate that isentropic flow - 

equations are inadequate f o r  detemn-3 design  incidence e e s  in  t h i s  
region. The shrple-radfal-equllibrium concept was reasonably accurate 
i n  determining the axial velocity  distribution behind the rotor except 
near the hub, where the radial-flow term of the cmplete  equilibrium 
equation  could not be  neglected. The data of this report  extend  pre- 
viously  reported  correlatians of incidence- and &evlation-angle  correc- 
tions and a total-pressure-loss parameter t o  higher M ~ c h  nmibers. No 
significant chasges to these correlations w e r e  noted,  but scme evidence 
was found t o  indicate that the  blade  suction-surface Mach nmiber may be 
a parameter in the plots of total-pressure-loss  paraneter against dif- 
Fusion factor. 

L 

4 The advantages of operating d a l - f l o w  c q P e ~ ~ ~ f ~ & n -  
sonic  range are experhentally demonstrated in',&&ences I and 2 up t o  
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t i p   r e l a t ive   i n l e t  Mach  numbers of 1.10. As a result of the Improve- 
ments i n  performance obtained i n  tbst investigation, an extensive  re- 
search program was initiated t o  obtain more cmplete  information on the 
operating  characteristics of campressors i n  the transonic range of in- 
l e t  relative Mach numker. Ehphasis has been placed on determining the 
performance of the  double-circular-arc airfoil a t  these Mach numbers 
both  because it w a ~  analytically determined i n  reference 3 that this 
a i r f o i l  i s  a suitable shape f o r  operation a t  a h c h  number i n  the vicin- 
i t y  of 1.20 and because of' the background of information OR this blade 
shape i n  suibsonic. cascades (e.g., refs. 4 and 5). Because two-dimensional- 
cascade tests have not alwaya been completely  adequate i n  describing com- 
pressor flow conditions,  particularly  in  regions of the compressor where 
three-dimensional-flow effects predominate (ref. S ) ,  and because of the 
diff icul ty  of obtaining  cascade data i n  the  transonic Mach  nuaiber range, 
it becomes necessary, or a t  least expedient, t o  use rotor tests fo r   t h i s  
purpose. It is evident that good design control of transonic compressors 
cannot exis t  until adequate  information i s  avsiLable on their  performance . 
i n  the range of Mach nunibers i n  which they are intended to operate. 

r 

Recent investigations of the performance of transonic compressors * 

with  double-circular-arc a i r f o i l s  have determined  sane of the  effects 
of' reducing  chord le@h (ref. 7) and hub-tip radius r a t i o  (ref. 8) .  
I n  reference 9, the   ro tor   t ip  inlet re la t ive Mach  number range f o r  
double-circular-arc  blades was  extended up t o  1.22. In each of these 
investigations the hub-tip radius ratios, blade aspect ratios, and 80- 
l idit ies were chamcteristfc of the front stages of multistage  canpres- 
sors. In reference 10, satisfactory performsnce w m  obtained a t  t i p  
in le t   re la t ive  Mach nmbers up t o  1.35 f o r  a rotor with high hub-tip 
radius ratio, low aspect  ratio, and high solidity. The blade shape used 
on the  rotor of reference 10 was analytically  derived fram EL considera- 
t ion of the principles of reference ll and was similar t o  the blade 
shape recommended i n  reference 3 for- an inlet re la t ive Mach number level  
of 1.40. This blade shape did not have a double-circular-arc  thicknese 
distribution, altho-, aa stated in reference LO, the  maxim-thickness 
position was at approxbately the midchord position. 

It was considered of interest,  therefore,  to extend the range of 
investigation of the double-circular-arrc ccappressor blade  profile t o  a 
Mach number and tip-speed level somewhat in excess of any previously 
conducted on t h i s  airf 'oil shape. Since this investigation was an ex- 
ploratory one,  aimed at accumulating  blade-element- data,.conservative 
values of-blade  loaaing were employed in   the  design a d  no attenqt Was- 
made t o  obtain  the maxhum performance potential. The desirable fea- 
tures of low hub-tfp radius ratio,  short chord length, and moderate so- 
liciity level, corresponding to   l a rge  air-flaw capacity and light w e i g h t ,  
were also incorporated into the campressor design.. 
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k The  purpose of the  present investigation, then, was to obtain in- 
formation on the perfgmce of a ccmgressor at high inlet  relative  Mach 
nmnbers  and  tip  speeds a ~ c i  at the  same  time  broaden the scope of infor- 
mation on the  double-circular-arc a i r f o i l  in a rotating  cascade. The 
over-all  and  blade-element  characteristics of the  compressor,  together 
with  radial  variations of rotor-inlet and -outlet  parameters,  are pre- 
sented  over a range of corrected  tip  speeds fram 975 to 1300 feet per 
second.  Information  concerning  mrzss-flow shift and radial pressure 
equilibrium  at  the  ccmrpressor  outlet  is a l s o  included, along with a 
discussion of sane of the problems associated with the satisfactory  de- 
si- of cmpressors of t h i s  type. 

- 

41 

A 
2 
3 
3 initiated by arbitrarily  specifying  the  following : 

Velocity-Magram  Calculations 

The  design of the cnmpresmr rotor  used in this  investigation was 

u_ 
(1) Inlet  tip  diameter of 16 inches 

(2) m e t  tip speed of 1300 feet per second 

(3) &solute inlet axial Mach number at mean radius of 0.625 and 
no inlet  guide  vanes 

(4) Hub-tip  radius  ratio at inlet of 0.50 

(5) Blade-chord length of 1.75 inches, and tip solidity level of 
a p p r e t e l y  1.0 

(6) Rotor-inlet  and  -outlet  blockage factors (ref. 2) of 0.98 and 
0.96, respectively 

With  these  conditions  esta3lLLshed  and  with a tentative  u-miting 
value of tip  diffusion factor (ref. 12) of 0.40 as a guide, prelimhazy 
estFmates of the outlet 8z1z1uI&T area were  obtisined by assuming a radially 
constant  pressure  ratio of 1.60 and several values pf both  over-all  ef- 
ffciency and met-to-atlet axid velocity  ratio. m e  efficiency vdues 
were taken as  constant along the  blade span; this facflikted the  com- 
putation  since, frm the equilibrium  equation  described in reference 9 
(eq. (9) 3, the  &ischarge &al velocity  would then be constant radially. 
The  results of these  calculatians  indicated that, for constant  inlet 

velocity  ccmponents  would  have  assumed obvious importance, a compllca- 
tion  considered  undesirable for the  present  investigatfan.  The  outlet 
huk cone  angle was therefore  redueed  sufficiently to produce &11 outlet 

. and outlet  tip  diameters, the hub  cone  angle was so large  that radial 

* 
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hub &Lameter with which a more cwventioI1Etl type of hub shape could  be 
obtained. A satisfactory  value of outlet hub diameter w a s  obtained by 
setting  the tip diameter a t  15.5 inches; and the resulting  hub-tip diam- 
e ter   ra t io  Q,4/rt,4 at  the  outlet was 0.593. (All synibola are de- 
fined  in appendix A. } The exact  contour of the annulus w a l l s  in  the 
vicinity of the r o t o r  was then obtained by fairing curves between the 
inlet and outlet radii a t  both the hub and t ip .  A subsequent calcula- 
tion w a ~  made, ssssumFng a pressure r a t i o  of 1.60 and an efficiency of 
0.90, both c o n s t a n t  radially, using .this annulus-area  ratio; and the 
resultant  tip  diffusion  factor was found to be 0.41. This w m  believed 
t o  be an acceptable value and permitted the continuation of the  velocity- 
diagram cmrputations f o r  the  condition of vary ing efficiency along the 
blade s p .  

In order t o  obtain more rea l i s t ic  values of outlet  velocities and 
blade loading, a radial vadation of efficiency was introduced. Values 
of blade-element losses  obtained fm several  recent  investigations of 
single-stage  transonfc compressors were studied, with the  greatest em- 
phasis  arbitrarily  placed on the data & reference 7. With the aid of 
equstians developed in reference 2, the selected  values of blade-element 
loss coefficient were converted Into a radial variatian of efficiency 
using an energy level correspondiag to R radially constant pressure 
ratio of 1.60 and &z1 efficiency of 0.90. The necessary  values of rela- 
t ive   in le t  Mach  number  were determined f'rm the  preset  value of i n l e t  
sscial Mach nmber at  the mean radius of 0.625 and a radial variation of' 
inlet axial Mach number obtained from an unpublished investigation an 
the same inlet annulus ccmfiguratian. The resultant  values of blade- 
element efficiency  are shown in  table I f o r  several radial  stations. 

The computations of the  outlet  velocity triangles were then i n i t i -  
ated by assuming a radially constant pressure ratio of 1.60, which, to- 
gether with the  efficiency  variation, completely  described  the radial 
variation of t o t a l  pressure, t o w  temperature, and absolute  tangential 
velocity. The static pressure and axla1 velocity  uere determined by 
assuming a trial value of outlet axial velocity at the mean radius. 
The followlrtg equatfons were used in evaluating the outlet flow 
parameters : 
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Equations (1) and (2) established a level  of static  pressure at  the mean 
radius; and equation (3) was used to   es tabl ish the radial gradient of 
pressure  usually called s-le radial equilibrium, which was assumed ap- 
plicable in this investigation. Pram these equaticms, a c q l e t e  de- 
scription of outlet  velocity  trfaagles at  all radii could be  determined 
f o r  the or ig ina l ly  assumed &al velocity. A further requirement, how- 
ever, was that the  equation of contintdty be satisfied, o r  

P4'z ,4r4 *4 = 2fibk, 3 p3vz,3r3 dr3 (4) 

- 
The condition of continuity was sat isf ied by assudng different values 
of mean-radius outlet  eal velocity and carrying aut the cmputatianal 

t o  d t h i n  0.5 percent, which was considered  adeqwte. 
- procedure until agreement between both sides of equation (4) was obtained 

For the assumed values of pressure ratio and efficiency, the t i p  
affusion  factor  was sanewhat Ugh. By specifying a linear variation fn 
pressure  ratio from 1.60 at  the   t i p  to 1.52 at  the hub, the  level of 
diffusion  factor was reduced along the blade frcii hub t o  tip t o  a value 
considered  acceptable, and thls deaign c a d i t i a n  was chosen as the ffnal 
one. The design relative M e t  Mach number a t  the   t ip  of the  blade w a s  
1.366. The design kta are  sumarized in table I. 

Blade Selection and Fabrication 

Double-circular-arc blade sections were chosen f o r  each of several 
selected  conical surfaces along the blade span. The mean-line caziber 
angles 0 were determined from the  afr-turning angles AB* obtained 
in the velocity-diagram  ccmgutations, deviation angles So computed 
fram the  emgirical  design rule of reference 13, and incidence angles i 
arrived at af te r  a study of available rotor  blade-element  performasce 
data. [In a  recent  pubucaticm (ref. 6), rules f o r  the  estimation of 
minlmum-loss values of incidence and deviation an@Eles are developed frm 
a study of a large amount of d a t a  frm single-stage-ccaqpressor rotor in- 
vestigations. ] Hgure 1 show a typicai  rotor  blade  section  together 
with  the blade-angle notation used €n this report. Table I shms the 

blade chord of 1.75 inches and 8 general level  of solidity of 1.0 at the 
t ip ,  it was decided t o  use 27 blades, which resulted i n  an actual t f p  

. incidence and deviation  angles  used in the  design. W i t h  a prescribed 

d solldity of 0.95 based on the average of' the W e t  and outlet  tip radii .  
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The  blade  thickness w a s  set  at 5 percent of' chord length at the  tip and 
9 percent of chord length at the  hub, with hyperbolic  variation 
the  blade span. Isentropic  channel flow~crjdipu5Etions c&iried  out  for 
the  hub-section  blade  element  indicated that choking  should  not  occur 
in this  region f o r  the  design  incidence  angle. The leading- and 
trailing-edge  rad€i  were s e t  at 0.010 inch  across  the  entire  blade  span 
except  near  the  hub,  where, from stress  considerations, a fillet of 0.25 
inch  was  used in fairing the  blade  into  the mounting base. 

5 

t 

The  complete  blade  shape was specified  by  radially stacking the 
several  circular-arc  sections on their  centers of gravity in the  assumed zi 
streamline  planes.  Coordinates for blade  fabrication were obtained  by a P 
graphical  prajection of the  blade  shapes fram the  streardine  plane onto 
planes of constant  inlet and outlet  radius. After the  blades  had  been 
constructed,  examination of the  profiles along several of the design 
stream  surfaces  indicated  differences  in  camber  angle and blade  shape 
near  the  tip as compared with the design values. OWFng to the  presence 
of an excessive  amount of metal on the  suction  surface  near  the  trailing 
edge of the  blade, the effective  camber angle was increased  above  the 
design  value. Deviation f r a  the double-circular-arc  profile was  con- 
fined to the rearward 25 percent of chord and to the outer 30 percent of' 
the  blade  span.  The  inlet  and  outlet  blade  angles as designed and &a 
constructed  are  canpared i n  figure 2. A n a l y s i s  of the  canpressor  per- 
formance was based on the  angles  obtained frm measurements on the blade. 
The measured  coordinates of the tip  section of a representstive blade 
are shown in table I1 along the design  stream  surface.  Figure 3 is a 
photograph  of  the  rotor and blade assembly. 

Compressor  Installation 

The  experimental  rotor of this investigation was installed  in a 
variable-c&ponent  test r f g .  Parer for drivillg the. conqressor WELE sup- 
plied  by a 6000-horaepoxer.variable-speed electric  motor i n  conJunction 
with a speed  increaser. Rocmt air, used throu@;hout the  investigation, 
was drawn through an inlet throt t le  i n t o  a large tank (7.5-ft dim. and 
15 ft long) installed  upstream of the  compressor.  The air entered  the 
conpressor through a smooth bellmouth and was ascharged through a 
collector-mounted  throttle  and a submerged  orifice in the  downstream 
piping  into  the  laboratory exhaust system, A schematic diagram of the 
teat  section is shown in figure 4. 

Instrumentation 

A standard A.S.M.E. submergeborif'ice  installation  (ref. 14) m s  
used  to  measure  the air flow through the  campressor. 
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b The  location  of  the  instrumentation  stations on the  ccnnpressor  test 
section  is  shown in figure 4. The W e t  tanlr (station I) was supplied 

temperatures.  At  stations 2, 3, and 4, four static-pressure  taps  were 
located on both  the  inner  and  outer w a l l s  at  approximately  equal  cir- 
cumferential spachg. At  station 2, 1.25 inches  ahead of the  rotor, 
the  static-pressure  profile of the airstream was measured  by a ffve- 
position Lstatic type  rake in conjunction with the.-  taps.  The 
tubes. on the  rake  were  positioned  to be in the  centers of equal annular 
areas  and  were  directed  parallel  to  assumed  streanlines in the contract- 
ing inlet  passage. A correct€on  to  the  static-pressure  readings at 
station 2 was  applied to determine  the  static-pressure  profile  at sta- 
tion 3 (0.25 in. ahead of  the  rotor)  by adjusting the  level of the  pro- 
file  at  station 2 to  the  static  pressures  measured  at  the walls at sta- 
tim 3. The resultant  profiles  at  station 3 were used  throughout this 
investigation fn canputin@; the f low parameters  at  the  campressor  islet. 

A few radial  surveys of total  pressure  and f l o w  angle  entering the 

I with stanhrd instrumentation (ref. 15) for  measuring  pressures  and 

. 
rotor  were  made at station 3 for sweral weight flows at  design  speed. 
These  subsidiary  tests  showed that the  entering air contained no tan- 
gential  velocity  and  that  the  difference in free-stream  total  pressure 
between  stations 1 and 3 was negUgible. To determine  the total-pressure 
profile near the inner and outer walls at station 2, a five-position 
rake w a s  installed  at  both walls. The tubes on these  rakes  were 0.050 
inch in diameter  and  were  spaced 0.10 inch  apart.  The  tube nearest the 
w a l l  w a s  set at 0.05 inch from  the wall. 

- 

Rotor-outlet =dial surveys of total  pressure,  total  temperature, 
absolute f low angle,  and  static  pressure  were  conducted at station 4, 
ach was 0.25 inch damstream of the rotor disk. Total pressure, 
total  temperature, and flow angle  were  measured by each  of  three  cambi- 
nation  probes  (ref. 15) spaced  circrmferentially.  Each of these  probe6 
~0ntaFned two  spike-type  thermocouple  junctions, a total-pressure  tube, 
and a claw-type tube  configuration  to  measure  the f l o w  angle.  The  two 
thermocouples  were  connected in series to obtatn improvement in the  ac- 
curacy  of  reading small temperature  rise  across the rotor.  Static- 
pressure surveys  were  conducted  with two L-head  Prandtl  tubes, each 
having  two  static-pressure  orifices  &folded  together.  Angle-sensing 
tubes  were  mounted on the  probe to aline  it  with  the  airstream. The 
values of total  temperature, total pressure, flow angle,  and  static 
pressure  used in calculatfng  the  performance  characteristics of the  can- 
pressor  at each radius  were  the  arithmetic  averages of the  corresponding 
readings  obtained fram each  probe. 

I The  static-pressure and terperature-measuring  probes  were cfibrated 
in an open-Jet  tunnel for applicable  corrections to the experFmental 
readings.  The  calibration  covered  the range of Mach  numbers  encountered 

s 



8 - NACA RM E56D27 

i n  this ccnrrpressor investigation. A more complete description of the 
instrumentation  types used, along with photographs, i s  included i n  ref" 
erence 16. 

A magnetic pickup mounted in the compressor casing near the  rotor 
blade t ra i l ing  edge was used t o  obtain a rough measurement of the mag- 
nitude of blade vlbration. 

Procedure 

The investigation of rotor performance was cmducted a t  corrected 
t i p  speeds of 1300, 1200, U O O ,  and 975 feet   per second. 
For each vdue  of t fp  speed, the weight flow of air was varied from  open 
thro t t le   to  a value  slightly  higher than that which produced unstable 
pressure and  temperature  readings. A t  this unstable point of operation . 
it w a s  noted that the  blade tip  vibrations were ap~ro-tely  three t o  
f o u r  times the normal amplitude for  the  particular speed. At each value 
of weight flow, surveys were conducted a t  the rotor  outlet  (station 4 )  
t o  obtain the values of the significant flow parameters at ll radial PO- 
sitions. Six of these radial positions were selected arbitrarily at  U, 
17.5, 33.5, 50, 67, and 83 percent of' the annulus passage height from 
the casing for  the purpose of deterdning  blade-element.perfomnce data. 
A complete description of the  equations and methods used i n  obtaining 
blade-element  performance-parameters is presented fn reference 2. 

- 

Throughout the test program the inlet  totaLpressure was maintained 
at 25 inches of' mercury absolute and the.iI i iet  t o t a l  temperature varied 
from 70° to 80° F. The rotor speed x&6 held t o  within 0.5 percent of 
the  prescribed  value f o r  all the  test  points. Rotor over-all mass- 
averaged taaperature-rise and momentum efficiencies were obtained by 
means of equations glven i n  
ra t io  was obtained frm the 

reference 9, and the mass-averaged pressure 
following equation: 

Reliability of Data 

One method used to obtain an estimate of the degree of accuracy of 
the dah in an investigation of t h i s  type is to  ccanpare the values of 
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w e i g h t  flow of air measured by the  orifice and  by the  instrumentation 
ahead of and behind the ccaqpressor rotor. It w a s  found that the values 
of weight flow measrired at  the  rotor inlet (station 3) agreed with the 
orifice values within an average of about 1.0 percent, with a m 8 x h u a  
error  of 1.7 percent,  except for  the data a t  a  corrected t i p  speed of 
975 feet  per second. A t  that speed the average difference was about 
2.0 percent, with an attendant mardmum error of 2.5 percent. The rotor- 
outlet surveys (station 4) indlcated agrement with the or i f ice  weight 
flow within an average of 3.0 percent, with a maxFmum difference of 4.2 
percent. The weight flows measured at the two survey stations were 
usually lower than the  orifice  values, and the average  percentage dif- 
ferences mentioned therefore  represent a decrement i n  weight flow. In 
plotting  the data of t h i s  report,  the  veight-fiow  values used f o r  the 
curves are  those  obtained from the  instrumentation ahead of the rotor 
(stations 1, 2, and 3). 

Another  check on the accuracy of the data can  be  obtained  by cam- 
paring the mass-avera@;ed adiabatic  efficiencies as determined frm the 
temgerature r i s e  across the rotor and frm the change i n  the  product of 
angular mmentum and ro tor  angular velocity. The tempemture-rise- and 
mcxaentum-efficiency values agreed within 3 t o  4 percentage  points over 
the entire range of w e i g h t  f l o w  at  corrected t i p  speeds of UOO, 1200, 
and 1300 feet per second, except for  the lowest pressure-ratio points 
at the two lower  speeds. At a corrected t i p  speed of 975 feet per 
second, agreement of the efficiencies withln these lfmLts was obtained 
only at the  three highest pressure-ratio  points. Examination of the 
data revealed that, where the discrepancy between the  efficiencies was 
greater than 3 to 4 percentage points, the  difference  could be  accounted 
fo r  either by an er ror  in absolute  outlet-air angle of 1.5O t o  2.5O or  
by an error In temperature of 3O t o  4 O  F. b c t l y  which of these two 
types of error was  predominant could not be  determined, but  observation 
of the data Lndicated that the t w e r a t u r e  readings f m  the three 
probes were generally much more capsfatent than the angle rea- . 

If the  largest  efficiency  differences were t o  be attr ibuted t o  er- 
rors in angle measurements, it w a s  found that an the average across the 
radius  the  deviation angles f o r  the lowest pressure-ratio  points at  
corrected  t ip speeds of 975, UOO, and 1200 f ee t  per second would be re- 
duced  by 0.80°, 0.60°, and 0.50°, respectively. The d3ffusion  factors 
for these same points would be increased by about 25, 20, and 15 per- 
cent, respectively. The correctfons f o r  both the deviation angle an& 
the diffusion factor were greater i n  the hub region than i n  the t ip   re -  
gion. A t  a corrected  t ip speed of 975 fee t  per second the  correction 
in  deviation  angle and diffusion  factor  decreased as the pressure r a t i o  
fncreased. At the mid aver-all total-pressure-ratio  point at this speed, 
the  correction amounted t o  a reduction in the dedatian  angle of 0.40° 

. 

. and an increase  in  the  diffusion  factor of 10 percent. 



10 NACA RM E a 2 7  

It may  be  concluded  that,  except  for  the  lowest  pressure-ratio 
points  at  corrected  tip  speeds of 1100 tind 1200 feet  per  second  and  the 
lower half of the  weight-flow  range at a corrected  tip  speed of 975 fee t  
per  second,  the  accuracy  of  the values of measured  total  pressure,  total 
temperature,  static pressure, and absolute  flow angle at the rotor out- 
let  is good. In addition,  satisfactory  accuracy was believed to have 
been  obtained  over  the  entire  weight-flow  range at design  speed. As to 
the  rest  of  the dab, the  values of all parameters  that  axe  dependent 
on the  absolute  outlet f l o w  angle  should  be  accepted with 8ome 
reservation. 

Over-All  Performance 

The over-all  perfonnance of the  compressor  is  shown ln  figure 5 
f o r  corrected cmpressar tip  speeds of 975, ll00, 1200, and 1300 feet 
per  second mer a range  of  corrected  specific  weight flows. (As used 
herein, cmpressor tip  speed  refers  to  the  rotor  tip  speed at the c m -  
pressor  inlet.)  The  design-point values of corrected  weight flow, 
total-pressure  ratio,.and  efficfency  are a lso  included.  The  experimental 
values of  total-pressure ratio and  ePficiency shown fn figure 5 axe mass- 
averaged  values  obtained frcm the  surveys at station 4. The  letters A, 
B, C on each of the  curves  are  used i n  subsequent  figures  for  identifi- 
cation  purposes. 

At  design  speed, the maximum pressure  ratio  obtained was 1.55 and 
was accmpanied by an over-all  efficiency of 0.79. At a maximum effi- 
ciency  for  deeign-speed  operation of approxhately 0.82, the over-all 
pressure  ratio was 1.51 and  occurred at a corrected  specific  weight flow 
of 29.2 pounds per second per s q w e  foot of Trontal  area. Thie point 
represented a drop in efficiency frm the  design  value of approxtmately 
11 percentage  points, a pressure  ratio that w a s  about 96 percent of the 
design  value,  and a corrected  specific  weight  flow  of  abaut 94 percent 
of the  design value. The maximum specific  weight  flow at design  speed 
w a s  about 98 percent of the  design  value  but was obtained with the  can- 
pressor  operating in a choked condition. Figure 5 show6 that the com- 
pressor  choked  prematurely,  which  prevented  it fram ob-t;afning design 
flow at or reasonably  near  design preesure ratio. 

At  corrected  tip  speeds of 1200, U O O ,  and 975 feet  per  second,  the 
peak-efficiency  values  obtained  were  approximately 0.86, 0.88, and 0.91, 
respectively,  and  the  corresponding  total-pressure  ratios  were 1.40, 
1.35, and 1.24, respectively.  The  design value of efficiency was not 
achieved at  any  of  the  rotor  speeds  tested. 

Ip 
0 
0 
P 
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Radial Variations of Flow Parameters 

Inlet  conditions. - Figure 6 shows the  variation Fn inlet  absolute 
Mach nmber, inlet   re la t ive Mach nmiber, and in le t   re la t ive  air angle 
with  radius  for  three  operating  conditions at design speed. Included 
on the  plots  are  the  respective  design  variations of the pertinent param- 
eters. In general, at  the higher w e i g h t  flows (points A and B, f ig .  
6(a) ) the  variation of inlet axial Mach nmiber across the passage was 
approximately similar t o  the  design  variation,  but the level of the ex- 
perimental values was l e s s  than that of the design  value. As the weight 
flow decreased, the  velocity  variation  across  the passage became new-  
a b l e  except in the  vicinity of the hub,  where the inner-- curvature 
ahead of the ro tor  resulted in a reduction Fn axial velocity. 

The variations of inlet relative Mach n W e r  and inlet   re la t ive 
flow angle  across  the annulus ref lect  the lower than  design  absolute 
Mach nmbers obtained experbentally. Figure 6(c) shows that, except 
in   the  vicini ty  of the t i p  region,  the  experimental  incidence  angles 
(difference between relative inlet-air angle and measured blade- 
inlet  angle X 3 )  were water  than the design values. A maximum t i p  
relative M e t  Mach nrnnber of about 1.34 was obtained st the highest 
weight-flow point. As shown in  f igure 6(b), supersonic Mach nunibers 
w e r e  obtained  over appr-tely 60 percent of the ro tor  blade  height 
at  the maxbum weight-flow point. 

Over the range of corrected w e i g h t  flaws at design speed, the block- 
age factor Kbk,2 (ref.  2) a t  the if let  was found t o  be constant at  a 
d u e  of 0.98. " h i s  value w a s  also obtalne& at the peak-efficiency 
point a t  all the other corrected  rotor  tip speeds. Since this was the 
value  used in the design, the  inabi l i ty  of the compressor to   obWn  the  
design weight flow at a reasonable  pressure r a t i o  cannot  be attr ibuted 
t o  an increase in  the boundary-layer  thickness in the  inlet  annulus. 

Outlet  conditions. - The variatians with outlet  radius of to t a l "  
pressure r a t io ,  adiabatic  efficiency,  absolute and relative  outlet  Mach 
n m e r ,  absolute  outlet-air angle, relative turning  angle, and relative 
total-pressure-loss  coefficient are sham in figure 7 f o r  corrected 
ro tor  t i p  speeds of 1300, B O O ,  ll00, and 975 fee t  per second. Lncluded 
i n  figure ?(a) are  the  design variations of the vsrious pa;rameters. ~n 
general, i n  the  good-efficiency range of o-peratim (point B, fig. 7 ( a ) ) ,  
the  highest  pressure-ratio  values were obtaFned i n  the t i p  region, which 
was in accordance vfth the design  specifTcatfanS of a lineax decrease in  
pressure r a t i o  from t i p  t o  hub. Rgure 7(a) also i l lus t ra tes  a peculiar 
radial pressure-ratio  variation i n  the mean-radius region, where a 
noticeable bung occurred in the curves. This conditfon did not appeaz 
at the lower corrected  t ip speeds, and the r e a a m  for its presence is 
not  understood. Closely spaced survey-6 i n  the region of the bump 
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i a c a t e d  a gradual increase t o  the peak value and then a gradual de- 
crease, as depicted by the curves o f  figure 7(a). The corresponding 
relative-turning-angle curve8 of figure 7(a) show an increase i n  the 
mean-radius region,  particularly as the  corrected weight flow was re- 
duced. Visograph enlargements of blade  sections  near t h i s  pressure- 
ra t lo  bump were taken from one of the rotor blades, but  no definite in- 
dication of a  . local fncrease i n  camber angle was observed. 

The efficiency  curves of figure 7(a) show that the  design  values 
chosen  were considerably  optimistic,  especiEtli  in  the t i p  region where 
the  experimental  values a t  design speed were 15 t o  20 percentage points 
lower than anticipated. Much better agreement w a s  obtained  near  the 
hub region at  design speed; and, as the corrected t i p  speed was reduced, 
the  good-efficiency range moved continuously outward toward the t i p .  

The radial  distribution of absolute Mach nmbers a t  design-speed 
and peak-efficiency  operation was essentially  equivalent  to  the  design 
distribution. The outlet  absolute Mach  numbers  were qulte  conservative 
f o r  this operating  point, a peak value of 0.70 being  obtained near the 
h& . 

A t  the lower w e i g h t  flows at design speed, an increase Fn absolute 
outlet-air  angle can be  noted  near-the  blade  tip.  Exadnation of the 
data  reveals  that  in this region of the blade  the  variation of outlet 
static  pressure with radius was slight. It follows that, since  the  rela- 
tive  total-pressure-loss  coefficient  increased rapidly near the blade 
tip, the  relative  velocity must have decreased. Subsequent plots show 
that the  deviation  angle did not vary appreciably with radius and weight 
flow i n  this section of the blade  (relative  disc~zarge m e  was nearly 
constant); and, therefore, from velocity-diagram  considerations,  the  out- 
l e t  axial velocity was reduced. This lmal reduction In axial velocity 
was responsible f o r  the  increase i n  absolute flow angle near  the blade 
t ip .  A similar situation  existed i n  the boundary-layer  region near the 
hub, but  the  effect on the absolute flow angle was not so pronounced. 
No great  deviation frm the design  absolute-flow-angle variation waa ob- 
tained for operation st peak efficiency a t  design speed. 

The relative  outlet  Mach  number at  chaked flow a t  design speed was 
considerably greater than  the  design  value and in the   t ip  region was 
slightly  greater th&n 1.00. The high relative Mach numbers in t h i s  re- 
gion of the  blade  persisted over the  entire speed range for  the choked- 
flow condition and even a t  the  lowest speed tested were about 0.95. 

The relative-turning-angle curves  demonstrate that, at  choked flow 
at  design speed, approximately  design turning was obtained over most of 
the  blade span, with.some underturning  occurring in  the  vicinity of the 
hub.  ReductLons i n  weight flow with attendant  increase i n  incidence 
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angle  generally resulted i n  increased turning angle except i n   t h e  tip 
region, where an increase  in  deviation angle at the lower weight flows 
tended t o  reduce the turning angle. 

The curves of relative  total-pressure-loss  coefficfent show a 
generally low level  outside the boundary layer adjacent to the hub sec- 
tion. A marked increase in loss-occurred between the mean  and t i p  blade 
sections, the largest  increase  occurring a t  the highest pressure-ratio 
point, where the blade loading w a s  the greatest .  In this region of the 
blade  the  considerable  discrepancy between the design and experkantal 
loss-coefficient values is readily  observable. 

The blockage-factor  values  obMned frm measurements at the  rotor 
discharge showed E slight variation with weight f l o w  at design speed. 
For the corrected-weight-flow values corresponding to  points A, B, and 
C a t  this speed (fig.  51, blockage factors of 0.96, 0.95, and 0.945, 
respectively, were obtained. A t  w e i g h t  flows corresponding t o  points B 
at  the lower speeds, the blwkage factor ded between 0.955 and 0.96. 
In general, then, the des- value of outlet  blockage factor (0.96) w-as 
closely approximated by the experimental data.. 

Weight-flow distribution. - The radial distribution of w e i g h t  flow 
at the inlet and o u t l e t  of the compressor is shown i n  figure 8 for  three 
values of corrected  specific w e i g h t  flow at  design speed. The abscissa 
and.ordina.te were chosen to  make the camparison of weight-flow variations 
at the two axial stations more discernible by eliminating the difference 
i n  the annulus height. F'rm the conventional form of the  continuity 
equation for  annular flow, 

If percent of passage height x i s  defined as 

r - rh 
rt - rh 

x =  

then 

dr = (rt - rh) dx 

and equation (6) may be rewrftten in the form 
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which  is  the form of  the  continuity  equation  expressed in figure 8. 

The  weight-flow  distributions  at  the  compressor-inlet  station  were 
quite  uniform and did  not  depart from this_ unifomty with  changes  in 
weight flow o r  speed.  At  the  highest  corrected.  specific  weight flow ob- 
tdned (30.64, fig. 81, the  outlet-station  curves  show  some  weight-flow 
shift from the  tip  region  toward  the  hub.  The  magnitude of this radial 
shift  Tncreased  as  the  weight flow decreased;  and, at the  lowest  weight 
flow at design  speed (27,34), a noticeable  decrease in weight flow oc- 
curred  over  about 15 percent of the  passage  height near the tip. Fxami- z 
nation  of  similar weight-flow-distributian plots  at  peak-efficiency op- P 
eration  (points B, fig. 5) for the lower  speeds  shows  that  the radial 
shfft  in flow became  progressively  smaller 88 the  speed  decreased. Spe- 
cifically,  the  shift in f l o w  demonstrated  by  the  high-weight-flow p a t  
at  design  speed (30.64, fig. 8) was greater than any obtained  for  oper- 
ation  at  the  peak-efficiency  point at the  lower  speeds. 

Blade-Element  Characteristics 

The d ~ t a  of this  report  are  presented at six radial  stations  at 
both  inlet and outlet,  conforming  to  the  positions of six streaudhes 
assumed to occur along straight  lines  joining  the same percentage of 
the annular height at each  station.  Incidence  angle was used as the in- 
dependent  variable  and was ccnnputed fra the  measured  blade  angle  and 
the  relative  inlet  air-flow  angle. The blade  elements  chosen  were  at 
11, 17.5, 33.5, 50, 67, and 83 percent  of  the annulus height at both  the 
inlet  and  outlet of the  rotor.  The  several  blade  elements  are  herein- 
after  referred  to by their  respective  percentage values, the  smaller 
nmbers (e.g., 11) corresponding  to  streamlines pear the tip and pro- 
gressing to the  larger  numbers  near  the  hub.  Figure 9 shows the  varia- 
tion  with  incidence  angle  of  relative  total-pressure-loss  coefficient, 
relative  inlet  Mach  number,  axial  velocity  ratio,  adiabatic  efficiency, 
deviation  angle,  diffusion  factor,  static-pressure-recovery  ratio, and 
a dimensionless  work  coefficient  over  the  range of corrected  weight 
flows obtained  at  each  of  the  several  corrected  rotor  tip  speeds. 

The  curves of l o s s  coefficient  against  incidence  angle in figure 9 
indicate  the  presence of rather  large  losses in the  vicinity of the 
rotor  tip at the higher speeds, with no clearly  defined minimum value 
of loss coefficient. At all the  radial  stations  the low-loss region of 
operation  occurred at higher  incidence  angles as the  speed  increased. 
In general,  between  the 50- and  83-percent stations,  conventional loss- 
incidence  curves  with minimum-loss coefficients were obtained  at all 
speeds.  Although  the  losses  for  the  blade  elements near the t I3 are 
higher than design,  the  values shown for this region  are cmpzable to 
those of other  double-circular-arc-blade  compressor  rotors  operating a t  
the  same  level of inlet  relative  &ch  number  and  diffusion  factor 
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(refs. 8 and-9). I n  a subsequent section the loss data of this report 
are compared with loss corr&l.ations  presentedin  reference 6 f o r  a num- . ber of circular-arc-blade t r a n s d c   r o t o r s .  

. 

A t  the higher speeds and a t  l o w  incidence-angle  values,  the axial 
velocity r s t i o s  increased rapidly wfth a small reduction in incidence 
angle. The axial velocity ra t ios  a t  design-speed and peak-efficiency 
operation were approximately 8 t o  12 percent  higher than the  design 
value  over the entire  blade span. The presence of the shctrp increase 
in axial  velocity  ratios at  the lower incidence  angles f o r  corrected 
rotor  speeds of 1300, 1200, and no0 feet  per second indicates  the 
presence of choking in the compressor blade row, with subsequent  ac- 
celerations t o  very high velocities. A s  might be  expected a t  a cor- 
rected t i p  speed of 975 feet   per secmd,  the axial velocity r a t i o  over 
the  entire range of incidence  angles was higher than the design  value 
because of the Low pressure  ratfo. 

The variation of peak blade-element efficiencies f o r  the  several 
corrected t i p  speeds was largest at the =-percent statim. For blade 
sections  closer t o  the hub the  variation in peak efficiencies w a s  re- 
duced principally because the efficiency a t  the higher t i p  speeds in- 
creased with decrease in radius. Peak over-all corqressor  efficiency 
at design speed was obtained a t  an incidence angle apgro-tely lo 
higher than design in the  t ip  region and 2 O  t o  3O higher  than design a t  
a l l  other radii. For the  blade  elements at the 1l- , 17.5- , and 33.5- 
percent  stations, the peak efficiency obtained w a s  approximately 15 per- 
centage points below the  respective des- values, a reflection of the 
discrepancy between the  experimental and design values of losses f o r  these 
blade  sections. N e a r  the hub, blade-element efficiencies above 0.90 
were obtained at  all values of corrected t i p  speed. 

The deviation-angle  curves  indicate that f o r  blade  sections near 
the   t ip  there appeared t o  be- a &ch umber  effect on deviation angle. 
Increasing  the inlet relative Mach nzzmber above about 1.10 st a fixed 
incidence  angle  resulted i n  as increase i n  the deviation angle, In 
general, in the choked-flaw region of fncidence angle, an increase i n  
deviation angle occurred as the back pressure was reduced. 

A t  design  speed and i n  the  peak-efficiency rasQe of incidence 
angles,  the work coefficient in the  tip  region was higher than the de- 
sign  value. This w a s  belleved  to be due to.  the higher than design c h e r  
angle i n  this region of the  blade. The additional camber was apparently 
enough t o  overcame the  higher than design axial velocities, which would 
ordinarily have resulted  in a reduction i n  work input t o  the air. Al- 
though the  design  value of work input was obtained and even exceeded f o r  
sane operating  conditions a t  desfgn  speed, the large losses accmpanying 
performance a t  these  points caused relatively low efficiencies  partlcu- 
laxly in the tip region of the blade, The variation of work coefficient 

.L 
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with speed in the unchoked incidence-angle  range was largest   in   the  t ip  
portion of the blade, while  near the hub the work coefficient was about 
constant f o r  a l l  values of corrected  tip speed. 

1 

The largest  values of diffusion  factor  occurred i n  the t i p  region 
of the blades over 'the range of corrected  tip speeds investigated. The 
diffusion factors  at a corrected  t ip speed of 1200 f ee t  per second were 
generally  higher at any of  the  other speeds tested  for  incidence 
angles  corresponding t o  unchoked compressor operation. A colnparison of 
the curves of-relative  total-pressure-loss  coefficierit  for  corrected t i p  r 
speeds of 1300 and 1200 fee t  per second and f o r  blade elements operating t 

a t  supersonic re la t ive  inlet  Mach  numbers  showed that the level of rela- 
tive  total-pressure-loss  coefficient was generally  higher a t  the higher 
speed. It seems earident that this increase in losses a t  design  speed is 
a Mach number effect, because, in general, the axia l  velocity  ratio was 
higher and the  diffusion  factor lower a t  design speed than at a cor- 
rected t i p  speed of 1200 f ee t  per second. In the vicinity of the ccun- 
pressor  mer-all  peak-efficiency  point a t  design speed (point B, f ig.  5) 
the  design  values of diffusion factor were approximated over about the 
outer  half of the  blade span. Near the hub the design  values of diffu- 
sfon factor were not obtained. A t  the 67-percent station, for example, 
the diffusion factors  obtained  near  the  over-all  peak-efficiency  point 
were about half the design  value. 

The recovery  ratio,  or  reaction as it is sametimes called, is in-  
cluded on the blade-element plots because it is f e l t  that, f o r  high Mach 
number blade elements, with attendant shock waves on the  suction  surface 
of the  blade,  the assumptions surrounding the developnent of the diff'u- 
sion  factor may in  some cases be violated. In such instances  the  static- 
pressure  increase may serve as a useful loading criterion if some meam 
i s  found f o r  estimatfng the l o c a l  shock strength. The curves (fig. 9) 
show that the  variation of the  recovery ra t io  with incidence  angle wa8 
quite similar at  corrected t i p  speeds of 1300, 1200, and 1100 fee t  per 
second for  all radial stations. A slight difference In the variation 
can be seen a t  a tip speed of 975 feet per second, w h e r e  the  increase 
in recovery r a t i o  with incidence angle i s  not BO steep. For the  three 
higher speeds the curves a t  each radial station reached a maximum and 
then  decreased slightly as the  incidence  angle  increased. A t  the larest 
speed no decrease was observed with increasing  incidence angle. The 
maximum value of recovery ratio  obtained at  each  speed increased  with a 
reduction  in  the s t r edwe  radius. The curves also show that for  all 
radial stations  the  highest maximum value of the recovery r a t i o  was ob- 
tained a t  a corrected  t ip speed of UOO feet  per second. 

DIscysSION OF REZ3uLTs 

The more important of the performance characteristics of this cm- 
pressor a t  design speed may be stated a8 follows: 

Y 
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(1) The experimental blade-element rehtfve  total-pressure-loss co- 
efficients Fn the  vicinity of design  incidence were considerably  greater 
than the design values except for  the blade section  closest   to the hub. 

(2)  The compressor choked a t  incidence angles approximately  equal 
t o  the  design values over  the entire blade height except near the hub. 
A t  the hub the choked-flow incidence  angle was about 1.5O @eater  than 
the design  value. 

I n  the following sections of this report  these  conditions are ex- 
amined and an analysis of their effects on c q r e s s o r  performance is 
presented  together with,~sane considerations of the applicability of the 
radial-equilibrium concept t o  compressors of the type  reported  herein. 
In addition,  the data. of this investigation are applied  to  the  correla- 
t ion plots  of incidence  angle,  deviation angle, and relative total- 
pressure-loss  parameter of reference 6 t o  aid in the  future  extension 
of the empirical desiw  rules and correction  factors for double-circular- 
arc blades t 6  higher Mach  number levels. 

Cowrison with Design 

An attempt was made to evaluate the effect  of an increase In loss- 
coefficient  level on the &&I. veloci ty   ra t io  across a rotor bla& row. 
The one-dimensional cmtinuity  equation was applied to  the  design inlet 
data a t  the m e a n  radius,  and  calculations w e r e  carried  out over a range 
of loss-coefficient  values  to determine the correspanding outlet  dal 
velocities. It w a s  assumed in the  calculations that the  outlet  relative 
flow angle remained constant st the  design  value f o r  the entire range of 
loss coefficients assumed. The selection of this p ~ t r k i c u l a r  value of 
outlet   relative flow angle i s  smewhat arbitrary and serves only t o  il- 
lustrate the changes i n  design performance t o  be expected from 8 change 
in the loss-coefficient  level. It must be emphasized t h a t  this method 
of approach does not consider any effects of radial variations of any 
flow parameters and is intended to  show only the hfluence of the avez- 
age level of total-pressure-loss  coefffcient on the average level of 
&a1 velocity  ratio. 

The derivation of the equation  used in these calculations i s  pre- 
sented i n  appendix B, and the results of the calculations .are shown in 
figure 10 as the variation of axia1.velocit-y  ratio and relative  outlet  
Mach number with total-pressure-loss  coefficient. Also shown in   f igure  
10 are the desig mass-averaged values of axial velocity  ratio and rela- 
t ive  outlet  Mach number plotted at  .the design mass-averaged value of 
loss coefficient. In addition, the corresponding mass-averaged param- 
eters for the experimental data of point A at  design speed (f ig .  5) are  
also included in the  figure. In general, fo r  this particular data point, 
the compressor wa,s aperating  nearest t o  design inlet conditions, and the 
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radial variation o f  the outlet   relative flaw angle was approximately the 
same as specified  in  the design, especially  in the m e a n  and t i p  regions 
of the blade. 

- .. 

The two points  plotted on the curve of axial   velocity  ratio In fig- 
ure 10 are reasonably i n  accord with those camputed fr& the one- 
dlmensional approach; but,  aore  important,  the camputed increase in 
axial velocity  ratio  predicted  for an increase in loss coefficient can- 
forms quite  accurately with the experimental increase. Somewhat bet ter  
agreement among the ccmrputed, desim, and experimental values w a s  ob- 
tained on the basis of the relative  outlet  Mach number. 

The computed curves illustrate the penalty t o  be paid i n  increased 
axial  velocity  ratio, and therefore  decreased work input, when the loss 
coefficients ere greater than anticipated. The canbination of reduced 
work input and higher losses   resu l t s   in  a considerable  reductfon in ef- 
ficiency.  Cklculations  based on the one-dimensional Euler  equation . 
shared that,-for  the  increase  in  axial   velocity  ratio and loss coeffi- 
cient  indicated by the data points of figure 10, the work coefficient 
was reduced by approximately 1 7  percent,  the  total-pressure  ratio was 
reduced by about 11 percent, and the adiabatic  efficiency w a s  lowered 
by 13 percentage  points. It i s  evident, therefore, that, to obtain de- 
sign energy input a t  design turning angle in  canpressors operating a t  
high speeds  and high re la t ive   in le t  Mach numbers, the values of loss 
coefficient m u s t  be known considerably more accurately  than  they were 
i n  the design of the present compressor. Canversely, the sensit ivity 
of compressors of this type to   errors  in design  as~umptlons of lossee 
i s  much greater than that of machines with lower inlet re la t ive Mach 
numbers. 

Choking Analysis 

It has been shown previously  that the c w r e s s o r  choked prema- 
turely and prevented  the  attainment of a total-pressure  ratio at  or 
near  the  design  value a t  design w e i g h t  flow. . The blade-element  per- 
formance curves show that a r ise   in   reht ive  total-pressure- loss  coef- 
f ic ien t  occurred i n  the  vicinity of the hub as the incidence  angle was 
decreased frm the value corresponding t o  minimum loss. This i s  re- 
garded as evidence of flow choking. . .  

In  the design of this canpressor,  the  possibility of flow choking 
i n  the hub region was investigated by determinlng, from a layout  of-the 
blade,  the  variation of blade  passage width with blade chord. LT an 
attempt t o  account f o r  the  tbree-dimensional  nature of the flow, these d 

passage  widths were correctetlby the amount ai? annulus contraction EL-& 

each s ta t ion along the  blade chord. Flow choking was assumed t o  be 
imminent if a t  any point  inside  the  blade passage the geometric area Y 

t 

t 
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was equal to   the  isentropic   cr i t ical  area of the flow far upstream of 
the compressor blade element. Based on this concept, flow choking should 
not have occurred at  the hub section of this c q r e s s o r  a t  Fncidence 
angles  equal t o  or  higher than the desi- value. 

This phase of the design  technique, however, did not, for example, 
take  into  consideration any buildup of boundary layer along the blade s m -  
face and the ann~fius w a l l s .  In addition, no account w a s  taken of the loss 
i n  t o t a l  pressure that mukt occur 88 the flow is turned through the inci- 
dence angle Etnd assumes a direction more o r  less guided by the inlet 
portion of the blades ( re f s  17 and 18) . Further, the flow between 
blades was assrrmed t o  be at  a uniform velocity, w h i c h  is c e r t a i n l y  not 
true  for the curving  blade  passages,  especially  near the hub  where the 
camber is relatively  large. These factors would a l l  tend to  increase 
the choking incidence angle, since they have the effect on the flow in 
the blade  passage of respectively  decreasing  the geometric throat area, 
increasing the entropy, and decreasing  the  average mass flow. S t i l l  
mother factor, radial shift of mass f l o w  inside the blade  passage, 
would tend to  increase the choking incidence  angle at  the hub i f  the 
shift were toward the inner w a l l  of the annulus. 

On the other  hand, two  effects would a c t   t o  decrease the incidence 
angle and increase the value of maximum weight.flgw. First, the enerQy 
addition  to the air i n  the rotating passage due t o  the rad ius  change be- 
t w e e n  the blade inlet and the geometric - -1 section might result i n  
an increase i n  air density at  the minimum area and therefore an increase 
in the mass flow. Secondly, the hub curvature  near the blade-inlet re- 
gion w a s  such  (concave-looking from the casing) as t o  cause same reduc- 
t ion i n  velocity  along  streamlines  near the hub and might therefore  tend 
t o  reduce local velocity peaks ahead of the mf.nimum area (e.g., acceler- 
ation around the leading edge of the blades on the suction surface, a 
contributing  factor  to increasing nonuniformity of flow a t  the choke 
point). The net result of the effects of a l l  these conditions  could not 
be evaluated except by the obvious method of examining the experimental 
data, where it seems clear that the preponderant  influences must have 
been those w h i c h  tended t o  praduce choking a t  an incidence angle greater 
than the design value and therefore decrease the maxFmum weight flow to 
a value less than prescribed i n  the design. 

A calCulation was made i n  an attempt t o  evaluate one  of the neg- 
lected  factors  described  previously. It w a s  assrrmed that the losses 
encountered by the air in  turning through the incidence angle of go 
(-ctxperimental incipient-choke  incidence angle for the  blade section at  
r3 = 4.50 in . )  could be obtained frm the equations developed i n  refer- 
ence 18. As shown in reference 18 the resultant ccmguted loss is the 
maximum loss t o  be expected for uniform flow inside the blade passage 
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a t  the  leading edge and therefore may be pessimistic as  far as applica- 
b i l i t y   t o  the flow i n  this caurpressor i s  concerned. It may, however, 
serve as a useful  cri terion and was therefore used herein. The blade 
section r3 = 4.50 inches w a s  selected because it represented  the  section 
closest   to  the hub that could be traced.mechanically t o  a large scale. 
From this blade trace the mfnimum geometrfc area  (gemetric throat) cor- 
rected for annulus contraction m e  found to occur inside  the  blade p s -  
sage about 0.50 inch downstream of the  rotor blade leading edge. The 
loss in   re la t ive  total   pressure due t o  the  induction  process  into  the 
blade passage (ref .  181, which was expressed as a fraction of the dif- 
ference between the experimental i n l e t   r e l a t ive   t o t a l  and s t a t i c  pres- 
swes, was found to be approximately 0.086. This loss i n  total  pressure 
resulted i n  a value of isentropic   cr i t ical  area about 0.95 of the geo- 
metric  area. The calculation wss repeated  for  the design inlet Mach 
number and incidence angle, and the  ra t io  of isentropic  cri t ical   area 
t o  the  gemetric area was  about 0.99. 

From these  calculations it might be suspected that fn the  design 
case  the allowance f o r  such things as boundary-layer thickness and non- 
uniform flow of approximately 1 percent af the gemetric throat area was 
insufficient. No recommended value of the   ra t io  of isentropic   cr i t ical  
area ahead of the  minimum gemetric area t o  the actual  gemetPic minimum 
area can be s ta ted at  the present  time,  but it i s  possible tht further 
analysis of other compressor rotors m a y  yield useful information on the 
proper  incidence  angles t o  be used i n  the vicinity of the hub t o  avoid 
premature choking. 

R a d i a l  Equilibrium 

Reference 1 9  shows that for inviscid, &symmetric, steady flow the 
radial component of the equation of motion far the flow a t  a station be- 
hind  the  rotor of thls compressor may be wri t ten  in  two forms: 

I n  general, the radial velocity camponent Vr is not measured by con- 
ventional  axial-flow-compressor  Instrumentation,  since it i s  considered 
t o  be small. If it can be  further assumed that:the. radial and axial. 
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gradients of radial velocity are similarly negligible,  then  equations 
(8) and (9) may be written, respectively, as 

Equation (10) was developed In reference 19 into a form that fac i l i t a ted  
cmputation of the radial variation of &al velocity. Equatfon (U) is 
the same form of the equation of motion as was used Fn the design of the 
canpressor of' this report. Within the  restrictions of the assumptions 
made, both  equations (10) and (U) w e r e  found to Held the same resul ts  
f o r  the radial variation of axial velocity when experimental values of 
total temperature, total pressure,  and  absolute flow angle at each of' 
the several radial survey stations were suibstituted into them. The pro- 
cedure used i n  carrying out the calculations when using equation (10) is 
given i n  reference 19; for  equation (ll), a slight modification t o  the 
method described i n  the design section of this report was used. 

The calculated  variation of axial veloclty for three values of cor- 
rected w e i g h t  flow at design speed i s  shown in  figure U, and the cor- 
responding experfmental. values are included In the figure. The ordinate 
is made dlmensionless by dividfng it by the ro to r   t i p  speed at  the in le t .  
Good agreement w i t h  the data was obtained a t  the -st weight flow at  
a l l  radii ,  and as the flow 5-sed the agreement was still quite good 
except new the hub. In the vicinity of the hub, therefore, significant 
errors must  have been lntroauCed by one or m m e  of the simplifying assump- 
t ions  mentioned previously. 

Two of the assunptiona made in the developmat of the equation of 
motion as gfven in equation (10) were ai& symmetry @/be = 0) and 

negligible radial-flaw term ( V aZ = 3. assumption of axial  sym- avr 
metry i s  difficult t o  evaluate frm stationary  instrzrmentation such as 
used i n  this investigation, and recourse must be made t o  &21 intui t ive 
approach. For example, references 2, 9, 20, and 2 1  found that the 
radial-equilibrium  expressions in  the form of efther equation (10) or  
( I l l  of this report were adequate in describing the outlet  axial veloc- 
i ty   dis t r ibut ions of these transonic  rotors,  Since both of these eqm- 
tions assume axial symmetry, it might be  postulated i n  the light of t h i s  
evidence that the aselmrption is  valid f o r  a. group of compressors of 
generally s h l k  deeign and geometry operatFng under a p p r o d t e l y  the 
same conditions,  including the ro to r  of the present  investigation. 
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The cmpressor investigation of reference 8, however,  showed  that 
the  radial-equilibrium  exgressian of the form given by  equation (10) did 
not  fit  the data in the vicinity  of  the  hub. The reason advanced  for 
the  discrepancy was that  the radial-f low term was not zero. Inves ti@- 
tion  of  several  transonic  single-stage  compressors  reveals  that  the 
curvature of the  hubs  (roughly  indicated  by  the  slope of a line  joining 
the  hub  radii  at the. inlet  and  outlet) of the ro to r s  of references 2, 
9, 20, and 21 was cmparatively small, while  the rotor hub curvatue in 
reference 8 vas considerably larger.  The  rotor  hub  curvature  of the 
present  investigation w a s  about h a l f w a y  between  these two curvature  re- 
gions and evidently was sufficiently great that  the  radial-flow  term . 

assumed  importance.  Consequently,  it may be  concluded  that  the  princi- 
pal sowce of disagreement  between  the  calculated  and  exgerimental var- 
iations of axial velocity (f5.g. 11) can  be  ascribed  to  the assmption 

that V - = 0. A method  for  evaluating  this  term  accurately is nec- 

essary  if  agreement with experimental data is t o  be achieved f o r  com- 
pressors  with high pressure  ratios,  low  hub-tip ragus  ratios,  and  short 
axial l q t h s .  It may be  noted  that, in the  case of a multistage  cam- 
pressor  where it i s  customary f o r  stages of this m e  to  be  used,  the 
Fm-portance of the  radial-flow  term may not  be 80 great,  since  the  flow 
would not be returnedto the ax ia l  direction in the short  length charac- 
teristic of t h i s  single-stage  test  setup. 

avr 
az 

Extension o f .  .Double-Circular-Arc-Blade Data Correhtion 

As pointed  out  previously,  the  primary purpose of this investiga- 
tion  is  to  determine  the  performance of a double-circular-arc-blade  ro- 
tor in a region of relative  inlet  Mach  nzrmber far w h i c h  little informa- 
tion  is  available. As a corollary  to t h i s  purpose, it is of interest 
to apply  the data obtained  to  the  correlations  presented in reference 6, 
where  current  information on a number of cmpressor rotors  was  assembled 
with  the  view of establishing  suitable  corrections  to the two- 
dimensional-cascade  rules  developed in reference 22. The  factors  can- 
sidered in reference-6  are  incidence  angle, deviation angle, and a rela- 
tive  total-pressure-loss  parameter. The correlation  plots for these 
quantities  are  presented  for  three  blade  elements of each of a number of 
compressors  operating  at or near  their  incidence  angles f o r  minimum 
relative  total-pressure-loss  coefficient. 

The double-circular-arc-blade transonic rotor data of reference 6 
for three  blade elemats denoted  as  tip, mean, and  hub  are  reproduced 
in figures 12 to 15, and the data of the  present  report for the ll-, 
50-, and  83-percent  stations  are  added. This method  of  presenting  the 
data was chosen because  it was -felt ' b t ,  -.view of the  lFmited amount 
of additional data available, any attempt t o  revise  the  proposed 

, 
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correction curves (figs. 2 1  t o  23 of ref. 6) would be premature. It 
should be  noted that, f o r  the data of t h i s  report, i n  many cases no mini- 
mum value of blade-element relative  total-pressure-loss  coefficient was 
obtained  (e. g., f ig .  9 (a) for   corrected  t ip  speeds of UOO, 1200, and 
1300 ft/sec) . Ln these instances, several points i n  the vicFnity of the 
Iowest value  of-loss  coefficient w e r e  used on the correlation  plots. 
Where a c lea r l y  defined value of minirmrm-loss coefficient was obtained, 
only one point appears on the plots  for 8 particular radial position and 
corrected  t ip speed. 

The correlation  plots of total-pressure-loss parameter against dif- 
fusion  factor  (fig. 1 2 )  Indicate that i n  the t i p  and hub sections the 
data of t h i s  report are generally within the spread of data presented in 
reference 6. At the mean-radius section the points for corrected  t ip 
speeds lower than the design  value also spas t o  correlate with the ref- 
erence data, but  at  design speed the loss-parameter  values are appreci- 
ably  higher. 

The spread of data f o r  this compressor f n  the t i p  region seems t o  
be a function of the corrected  t ip speed ( i n l e t   r e l a t i v e   h c h  number), 
since it can be observed that, i n  general, as the speed  increased  the 
value of loss parameter  increased a t  a fixed value of diff’usion factor. 
Evidently,  the  diffusion-factor concept is not sufficiently adequate to 
ccanpletely describe the  blade-loading phenmenon Fn this Instance. A 
more fundamental quantity  affecting the losses   in  this case m a y  be the 
blade suction-surface Mach number, which, based on a simplified analysis, 
is a function of relative inlet angle,  solidity, and blade  curvature 
(refs. 23 and 24) .  Computations carried  out f o r  the rotor of this report 
using the procedure #ven in reference 23 indicated that, for design-speed 
operation,  tip-region  blade  surface Mach numbers of the order  of  1.7 t o  
1.9 were obtained. Because of the increased  incidence  angle, higher values 
of blade surface Mach numbers were obtained at the pe&-pressup=-r&io 
operating condition. A blade surface Mach rider effect may a l s o  be the 
cause of the  increase  in loss parameter obtained at the mean radius at 
design-speed  operation mentioned previously. Reference to figure 9 (a) 
shows that on ly  at design  speed were appreciably  supersonic r eh t ive   i n -  
let Mach nmibe~s obtained. Camparison kLth the low-loss high-speed mean- 
radius data of reference 9, which were at a slightly lower inlet   re la t ive 
Mach number,  shows that  the loss-parameter  value of that rotor  configura- 
t ion w a s  very  close to the values shown f o r  the ro to r  of this investiga- 
tion. This admittedly small amount of evidence indicates that the presence 
of supersonic r e h t i v e   i n l e t  Mach nutfbers at th i s  radial   posit ion with at- 
tendant  accelerations on the suction surface of  the blade can r e su l t   i n  
significant  increases fn the local  value of total-pressure-loss parameter. 

h the incidence-an@;le correlation p lo ts  of figure 13 the ordinate 
expresses  the  difference between the experimental incidence  angle at or 
near m i n b m m  l o s s  and the calculated minimum-loss incidence angle f o r  a 
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two-dimensional  cascade having the  same  blade ahape, relative  inlet  angle, 
and  solidity. It represents,  then, a measure  of  the  correction  necessary 
before  applying  the  design  rules  of  reference 22 to a compressor  design 
and is  shown  as a function of the  relative  inlet  Mach  number. Figure 13 
indicates  that no significant  alteration  to the general  trend  of  the data 
from  reference 6 is  obtained  by the addition  of  the data of  this  report. 
It appears that at the tip section  the  incidence-angle  correction For 
relative  inlet Mach numbers  between 1.1 and 1.3 is  about  constant  at 4O. 
More  information is needed,  however,  before any definite  recommendation 
can safe ly  be  made for t h i s  and the  other  blade  elements. 

The  deviation-angle  corrections to the  two-dimensional  design r u l e s  
are  plotted in figures 14 and 15 for  two  methods  of  computing  the  two- 
dimensional  deviation angle. In figure 14 the  two-dimensional  deviation 
angle  is  computed  by  the  method  outlined in reference 22, and in figure 
15 it is cmputed by Carter's r u l e  (ref. 13). For  the h t a  of t h i s  re- 
port  the  use  of Carter's rule resulted in three-dimensional  deviation- 
angle  corrections that were  about 0.5' to l.Oo higher than those  calcu- 
lated  from the cascade  rule  of  reference 22 for  the  three radial position8 
sham. In  general,  the extensions t o  the  correlation plote provided by 
the  information  gained f m  the  present  investigation  showed no important 
changes  at  higher  Mach numbers. There  seems  to  be an indication  at the 
highest Mach number  tested that the  two-dimensional  and  three-dimensional 
deviation  angles  at the mean-radius  position are about  the  same. This is 
especially  true  of  the  correlation  based on Carter's  rule  (fig. 15), not 
only  at  the  mean  radius  but also for the  blade  element  near  the  tip. 

Frolil the  performance  investigation  of a double-circular-arc-bladg 
transonic  axial-flow-campressor  rotor  designed to operate  at  tip  relative 
Mch numbers up to 1.37, the following results  were  obtained: 

1. The  lowest  values  of  relative  total-pressure-loss  coefficient 
obtained  at  design  speed  were  considerably  greater than the  design values 
Over  most  of  the  blade spa. 

2. The  outlet axial velocities  at  design  speed were, on the  average, 
appreciably higher than  the design values over  the  entire range of cam- 
pressor  weight flow. . " 

3. The  compressor  choked  prematurely  and  prevented  the  attainment 
of design  total-pressure  ratio at or near t h e  design  weight  flaw. 

4 .  Underestimation  of  the  magnitude of the  relative  total-pressure- 
loss coefficients in the  design of the carpressor  caused a eigniffcant 
increase in the  outlet axial velocity.  Because of the sensitivity  of 
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ccmrpressors of this Mach number range to errors of this type,  appreciable 
reductions i n  work input, total pressure, and adiabatic  efficiency oc- 
curred when the compressor was operated near desi& incidence  angle at 
design speed. 

5. The isentropic one-dlmenslonal-flow eqpation does not satis- 
factorily  predict  the choking incidence  angle in   the  vicini ty  of the 
rotor hub. Gonsfderation  should be given to   the  Fnductfcm loss en- 
countered  by the air i n  entering the blade row when specifying the design 
values of incidence angles near the hub. 

6. The concept of sFmple radial equilibrium with entropy gradients 
w a ~  adequate  except i n  the  vicinity of the blase hub, where-the c m -  
ture of the  inner w a l l  assumed bgortance. A method of evaluating the 
radial-flow term of the equilibrium  equation is desirable f o r  cmpres- 
sors  with low hub-tip  radius ratios, high pressure  ratios, and short 

1 -  asdal lengths. 
, 
I - 7. The data of t h i s  report w e r e  applied t o  the correlatian  plots of 

corrections to the two-dimensional rule  values of incidence and d e ~ a -  
tion  angles and to the loss-parameter  plots of a collection of double- 
circular---blade  transonic-cmpreesor  investigations. The data served 
t o  extend the plots t o  higher relative inlet Pleach numbers but  did not 
si@ficastly change the  correlations of incidence- and deHation-mgle 
corrections. Evidence was believed  present  indicating an effect of blade 
suction-surface Mach nuniber on total-pressure-loss parameter at constant 
dff’f’usion factor at both the tip- and m e a n - r a d i u s  blade elements. 

Lewis Flight Propulsfon Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, lyszy 1, 1956 
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SYMBOLS 

area, sq f t  

speed of sound, ft/sec 

spec i f i c  heat a t  comtant  pressure,   Btu/(lb) (OR) 

d i f  f us ion   f ac to r  

accelerat ion due t o  gravity, 32.17 f t / s ec  

to ta l   en tha lpy  

2 

dimensionless work coef f ic ien t  

incidence  angle,   angle  between  relative  inlet-air   direction and 
tangent  to  blade mean camber l i n e  at leading edge, deg 

mechanical  equivalent of heat, 778.2 f t- lb/Btu 

blockage  factor 

Mach  number 

to ta l   p ressure ,   lb / sq  f t  

static pressure, lb/sq f t  

gas constant, 53.35 I t - l b / ( l b )  (OR) 

radius  from  center  of  rotation,  in. 

entropy, f t - l b / ( l b )  (OR) 

t o t a l  temperature, si 

stat ic   temperature ,  OR 

ro to r  speed, ft/sec 

f l u i d  velocity,  ft/sec 

weight flow, Ib/sec 

." . "  . - -  - ". . . . . .. 



NACA RM E56D27 - 27 

X percent of passage  height 

2 axial  distance 

B air angle, angle between air velocity and axlal d i rec tbn ,  deg 

48 a b - t u r n i n g  angle, i n l e t - a i r  angle minus outlet-air angle, deg 

Y ra t io  o f  specific  heats 

6 ratio of i n l e t  total  pressure t o  NACA standard sea-level  pressure 

so deviation  angle,  angle between relative outlet-air  direction and 

rlad adiabatic  efficiency 

GI angular coordinate 

of 2116 lb/sq f t  

tangent t o  blade mean  camber l fne at traiLing edge, deg 

e ratFo  of t o t a l  temperature to NACA standard sea-level temperature 
of 518.7O R 

x blade angle, angle between tangent t o  blade mean camber l ine  at 
leading  or  trailing edge  and axial direction, deg 

U solidity,   ratio of chord to  spacing 

cp blade camber angle, W e r e n c e  between blade angles at leading 
and trailing edges, deg 

- 
a total-pressure-loss  coeff  fcfent 

Subscripts: 

a stagnation value  of a quantfty 

b blade element 

C refers t o  compressor performance data 

I? fronta3. 

h hub 

i d  ideal 
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m.a. 
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" NACA RM E56D27 

mass-averaged value 

radial  direction 

tip 

axial direction 

tangential  direction 

inlet tanlr 

rrpstream of rotor; location of static-pressure survey rake 

refers to value8  determined f'rm the two-dimensional design r u l e s  
of ref. 22 

rotor inlet 

rotor  outlet 

Superscript: 

1 relative to rotor 
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APPEXDIX B 

. 

The  performance data of this report  show  that  the  canpressor  could 
operate at about  the  design  inlet  condition. Also, for this point of op- 
eration  the  design  value of relatfve turning angle  at  the  mean  outlet 
radius was appraximately obwned. However,  the  experimental  levels of 
relative  total-pressure-loss  coefficient and axial velocity  ratio  were 
higher than the  design  values  at this operathg point,  and  the  compressor 
efficiency and work  input were low. It was decided,  therefore, t o  at- 
tempt to evaluate  the  effect on performance of varying the  level of loss 
coefficient  for  fixed  inlet  conditions and relative turning -le. 

rl 
0 
0 * 

The  canputatfans  were  carried out at the mean-radius  station  both 
because of the performance  characteristics  mentioned  above  and  because 
t h i s  stat ion could  be  considered  as  representing a klnd of average  con- 
di t ion  at the  rotor  inlet and outlet. A more  comprehensive  investigation 
would  have  involved  calculations at several  radial  stations; but, since 
only a qualitative answer was  desired, the additional  effort was felt to 
be  unnecessary. This is essentially, then, a one-dimensional  approach 
to  the flow through the  carpressor and disregards  variations in flow 
parameters  set up by considerations of radial  equilibrium. 

From the  continuity  equation  applied  between stations 3 and 4, the 
following qreesioa i s  obtained: 

'z,4 - " - .  '3 % %k,3 Mi co8 $1 a4 
'z , 3 p4 A4 %k,4 'Os p3 a3 

- - 

which may be  written 8.8 

F r o m  isentropic  relations,  the  perfect gas law, and the  conventional 
equation f o r  Velocity O f  SOUldJ .. 

1 
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fS 
p:,3 = q 

Subst i tut ing  equat ions (B3) to (B6) i n t o  (BZ) and reducing  yield 

. 

F r m  the der'fnition of r e l a t i v e  total-pressure-loss coefficient a8 given 
in reference 12, . .  .. - . .  

or 

The subs t i t u t ion  of equation (B8) i n t o  (B7) with the aseumption that 

" = 1.0 (negl igible  radius change along the m e a n  streamline 

through the rotor) gives 
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where 

Further,  since . 
and 

Vz ,4 = MLa4 cos $k 

then, 

The solution t o  equation (B9) was obtained by a trial-and-error 
process w h e r e  all conditions at  the mean-radius inlet station were as- 
sumed known and equal to   the design values. The relative turning angle 
Ap' w a s  assumed t o  be the design value at the mean radius. The design 
values of inlet and outlet blockage factors were used, since the experi- 
mental values comared  quite  closely. Values of obtained fram the 
solution of equation (B9) were substituted  into  equation (BIO) t o  obtain 
the corresponding values of axial velocity r a t io .  In solving equation 
(B9) f o r  relative  outlet  Mach nmiber, only the subsonic  values were con- 
sidered t o  be of interest,  since the compressor was desi-ed f o r  this 
mode of operation. Because the approach advanced in the development of 
these  equaaons i s  o n e - d i i o n a l ,  the values of should be con- 
sidered in  this case as average values and not confined t o  the me&T1- 
radius  station  alone. 
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TABLE 11. - COOWINATE;?j OF TIP SECTION OF A FiVTOR BLADE hWSURKD 

ON DESIGN SIIlREAM SURFACE 

p3, 8.000 in.; r4, 7.750 in.; leading- and trailing-edge radii, 0.010 i n  3 
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,006 
.006 
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Rotor blade 

Axial direction 
" 

Figure 1. - Blade-element notation for typical blade section. 
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Figure 2. - Comparison of design snd measured values of blade 
angles at rotor inlet and outlet. 
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Figure 3. - TransonLc-mmpre~sm rotor designed for t i p  speed of 1300 feet per second. 
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Figure 5 .  - Compressor over-all performance based on mass-averaged pres- 
sures and temperatures at s ta t ion  4. 
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(a) Absolute i n l e t  Mach number. 

Figure 6. - Radial va r i a t ion  of rotor- inlet   parameters  at 
design speed for t h ree  values of corrected  specif ic  
weight flow. - 
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Rotor-inlet radius, r3, in. 

(b ) Relative inlet Mach rmmber. 
F’igure 6. - Continued. Radial variation of rotor-inlet 

parameters at design speed for three values of cor- 
rected speciffc weight flow. 

.! 
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I I 1 1 1 
Corrected spec i f ic  Point on 

- weight flow, 
w W " F ,  

(lb/sec)/sq f t  

0 30.64 A 
29.23 B 

- 0  27.34 C 

- 

Rotor-inlet  radius, r3, in. 

(c ) Relat ive air angle. 

Figure 6. - Concluded. Radial variation of  ro to r - in l e t  
parameters at design speed fo r  three values of c m -  
rected  specific  weight flaw. 

. 



EACA RM E56D27 45 

rt 
0 
0 

n 

d 
cl 

fi 

0' 

-4 

Rotor-outlet radius, rc, la. 

(a) Corrected tip speed, 1300  ieet p e r  seaard. 

Figure 7. - Radial VariEtiCRI of rotor-cutlet parameters for three vcilues of 
corrected epecffie weight rim. 
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4 5 6 a 
Rotor-outlet r&¶lua, r4, In. 

(b) Corrected t i p  apeed, 1200 feet per second. 

Figure 7 .  - Continued. Radial variat ion of rotor-cutlet  parametere for three 
values of corrected specific weight ilon. 
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Rotorcoutlet radius, r4, in. 

( c )  Corrected t i p  speed. 1100 feet per second. 

F i g u r e  7 .  - Continued. Radial variation of rator-outlet parametera for three values of 
corrected specific weight flow. 
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(d)   Corrected  t ip  speed,  975 f e e t  per second. 

Figure 7 .  - Concluded. Aadlal variation d rotor-cutlet  parametera for three 
value8 of aorrected  specific  weight flow. 
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Percent of passage height, x 

Figure 8. - Radial di~tribution of weight flow at 
design speed f o r  three values of corrected spe- 
cific weight flow. 
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Inaidenoe a n g l e .  1. des 

(a) 11 Percent of  bnnulus'height. I n l e t  radius, 7.55 inches;   out le t  
radius, 7.41 inches.  

Figure 9. - Blade-element c h a r a c t e r i s t i c s .  
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(b) 17.5 Percent of annulus helght. W e t  ramus, 7.28 L ~ c ~ E ;  outlet 
radlus, 7.20 lnahes. 

Flgure 9 .  - Continued. Blade-element characteristics. 
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Figure 9 .  - Continued.  Blade-element oharacteriatlcs. 
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Figure 9. - Colltiuued. Blade-element charactsristfcs. 
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Incidence angle, 1. deg 

(e) 67 Percent of anrmlus height. Inlet radius, 5.28 inChe8;  artlet 

Figure s .  - contimea. Blade-elewtnt charaateristiam. 

radlue, 5.65 inches. 
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Figure 9. - Concluded. Blade-element characteristica. 
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Relative  total-pressure lose coefficient, 

Figure 10. - Calculated one-dimensional  variation 
of axia l  velocity  ratio and relative outlet 
Mach number with  relative  total-pressure-lose 
coefficient. 
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.5 I I I I I 
(a) Corrected  specific  weight flow, 30.64 pounds per sec- 

OM per square  foot (point A, fig. 5). 

(b) Corrected  specific  weight flow, 29.23 pounds per sec- 
ond per  square  foot (point B, ffg. 5). 

.5 

.4 

.3 
4.0 4.8 5.6 6.4 7.2 8.0 

Rotor-outlet radius, r4, in. 

( c )  Corrected  specific weight flow, 27.34 pounds per sec- 
ond per square foot  (point C, f i g .  5 ) .  

Figure U. - Comparison of measured and computed o u t l e t  axid 
veloc i t ies  for three weight flows at design speed. 
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Figure 12. - Variation of total-pressure-loss parameter with 
diffusion factor at or  ne= minimum-loss incidence angle and 
conparison KLth similar data of reference 6. 
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Relative inlet Kaah number, nj 
Bigure 13. - Variaticm of rotor Incidence angle at or neap m i n i m u m  lose minus cascade-rule 

lnaidenae angle ulth  relative inlet Mach -her and comparle.cn with sbilar data of refer- 
' enae 6.  
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